Introduction
[2] The Permian system is a stratigraphically complex formation (particularly, in its upper portion) characterised by numerous regional stratigraphic patterns and, as a result, by ongoing arguments on the international stratigraphic scale. The causes of the existing diversity of viewpoints are well known. During the Permian period, a gigantic continental agglomerate -supercontinent Pangaea-2 -has been formed.
By the end of the Permian, the sea level was extremely low. At the end of the Permian period, the greatest biotic termination occurred. Permian sediments accumulated near the land in isolated, endemic, shallow basins with specific faunas. Under the conditions of the global aridisation of the climate and the alternation of marine and continental environments, sediment erosions and depositional breaks became increasingly frequent and the stratigraphic record more complex. It is obvious that the differentiation and correlation of Permian and similar sequences require special tools to identify parameters reflecting the most universal, global changes in the development of the Earth, oceans and seas. Isotope stratigraphy, particularly strontium isotope stratigraphy, is becoming more and more popular as a reliable method to be used for the above purposes.
[3] Strontium isotope stratigraphy is increasingly frequently used for estimating the duration of stratigraphic breaks and intervals [McArthur et al., 2001 ) and for identifying marine and non-marine depositional environments [PoyatoAriza et al., 1998; Schmitz et al., 1991] . The 87 Sr/ 86 Sr ratio changes regularly over geological time and, therefore, allows age estimation and correlation of sediments. Firstly, the comparison of measured 87 Sr/ 86 Sr ratios in marine carbonates with the Phanerozoic 87 Sr/ 86 Sr curve allows time correlation of the studied samples. Secondly, the 87 Sr/ 86 Sr ratio can be used for correlating sections formed at the same geological time. The latter problem can be solved without possessing detailed data on the strontium ratio's global trend, but this trend should nevertheless be taken into consideration to avoid ambiguities at its turning points.
[4] As a scientific school, strontium isotope stratigraphy was announced in 1948 with a publication [Wickman, 1948] showing that the decay of 87 Rb and its transformation into 87 Sr in the Earth's crust and its further penetration into the hydrosphere govern the strontium isotopic composition over geological time. The 87 Sr/ 86 Sr ratio was measured in organic carbonates [Peterman et al., 1970] to show that the strontium ratio in seawater decreased during the Palaeozoic, reached a minimum in the Mesozoic and again was increasing up until the present time.
[5] The present strontium content in seawater has been estimated at a sustained level of 7.75 ppm and the isotope ratio at 0.70920. The 87 Sr/ 86 Sr ratio is governed by the interaction of two major sources of strontium coming into the ocean: weathering zones of silicate minerals producing "river strontium" and hydrothermal sources in the mid-oceanic ridges producing "juvenile strontium" [Faure, 1989; Spooner, 1976] . River strontium is heavier than juvenile strontium. The mixing of strontium from these two sources forms the final strontium ratio.
[6] The general evolutionary trend of 87 Sr/ 86 Sr variations in seawater during the Phanerozoic has been demonstrated in the pioneering works on the subject [Burke et al., 1982; Peterman et al., 1970; Veizer and Compston, 1974] . The curve published by these authors served as the basis for further studies and conclusions [McArthur et al., 1994; Veizer et al., 1999] . [7] At the end of the Permian period, the global recession of the ocean level, the enlargement of the continent area and the lowering of the base level of erosion increased the 87 Sr/ 86 Sr ratio, but this phenomenon was preceded by the ratio's global minimum of 0.70685 dated ca. 260 Ma [Harland et al., 1990] , i.e. as the Capitanian [Gradstein et al., 2004] .
[8] The average rate of the 87 Sr/ 86 Sr ratio decreased to its minimum during 10 million years was 0.000062 Ma −1 , and after passing the minimum it was 0.000097 Ma −1 . Model calculations [Martin and Macdougall, 1995] showed that these changes were due to varying rates of sediment supply from rivers and juvenile oceanic sources. Weathering in the Late Permian became more intensive in combination with an increase in the content of carbon dioxide.
[9] The 87 Sr/ 86 Sr decrease at the end of the Sakmarian is associated with a sharply continental arid climate, with a small number of waterways from the vast Pangaean land and, accordingly, with a decrease in the river strontium content [Harland et al., 1990] . A continuous decrease in 87 Sr/ 86 Sr until the Capitanian with its Permian minimum can be only explained by a more significant phenomenon, such as the activation of light strontium sources. These sources could be represented by Siberian Traps but these are dated as younger rocks: 248±4 Ma by the U/Pb and zircon methods and 249±1.6 Ma by the Ar and biotite methods [Canaghan et al., 1994] . A better explanation is provided by the Eimeshan basalts of Southwest China dated 230-280 Ma, the major portion of which effused during the Late Permian [Yin et al., 1992] . However, the most powerful source could lie in the oceanic spreading zones. Such zones, related to Neotethys, can indeed be modelled [Korte et al., 2006] . The Guadalupian Neotethyan sequences in Oman contain widely occurring pillow lavas overlain by Wordian/Capitanian radiolarites or pelagic limestones [Bechennec, 1988; Pillevuit et al., 1997] . Thus, Neotethyan hydrothermal circulation supplied light strontium to the ocean and reduced the 87 Sr/ 86 Sr ratio. A gradual increase in the 87 Sr/ 86 Sr ratio during Lopingian time can be explained by the attenuation of basaltic volcanism in Palaeotethys and by an intensified runoff of river water with radiogenic strontium into the ocean. These rivers flowed down from vast continental humid areas. During the Permian, these were mostly in a regressive phase [Korte et al., 2006] .
[10] This paper reviews the 87 Sr/ 86 Sr data acquired from one of the best known Permian open sections, Pechishchi, located on the right bank of the Volga river near the town of Kazan.
Characteristics of the Section
[11] Pechishchi is the Upper Kazanian stratotype that attracted research interest as far back as the late 19th century [Noinsky, 1899 [Noinsky, , 1924 . In general, the Pechishchi section is not confined to a single outcrop. The uppermost layer, described by Noinsky near the settlement of Pechishchi, is Layer 38 of the Podluzhnik member. The upper layers (up to Layer 52) were described by Noinsky near the Truba ravine and correlated with a section near Krasnovidovo. Thus, the Pechishchi section means a composite section of several outcrops.
[12] This research was followed up in detail by other geologists [Solodukho and Tikhvinskaya, 1977] who grouped the members identified by Noinsky into four beds (upwards): The Prikazansky strata (Yadreny Kamen and Sloisty Kamen series), the Pechishchi strata (Podboi, Sery Kamen and Shikhany series), the Verkhny Uslon strata (Opoki and Podluzhnik series) and the Morkvashi strata (Perekhodnaya member). The total thickness of the section is 51 m. This paper is based on the published data on the Pechishchi lithostratigraphic section [Burov and Gubarev, 1998 ]. Recent palaeontological and stratigraphic data provide the less detailed stratification of the section into 31 layers instead of the Noinsky's cyclic scheme of 52 layers, although the both patterns are generally in good agreement. This composite section includes Layers 1 to 7 outcropping on the Volga bank Figure 1 . Isotopic-geochemical ratios variations. Pechishchi section. 1 -sandstones, 2 -siltstones, 3 -siltstones and sandstones, 4 -siltstones and clays, 5 -clays, 6 -limestones, 7 -clayer limestones, 8 -sandy limestones, 9 -dolomites, 10 -clayer dolomites, 11 -marls, 12 -coal, 13 -hypsum, 14 -coarse grains, 15 -oolites, 16 -reefs remains, 17 -caverns, 18 -carbonate inclusions, 19 -SiO2, 20 -celestine, 21 -foraminifers, 22 -marine ostracodes, 23 -non-marine ostracodes, 24 -conchostracans, 25 -gastropods, 26 -marine bivalves, 27 -non-marine bivalves, 28 -nautiloidei, 29 -inarticulate brachiopods, 30 -articulate brachiopods, 31 -bryozoans, 32 -crinoids, 33 -fish remains, 34 -finds of fish, 35 -tetrapods, 36 -conodonts, 37 -fauna textures, 38 -plant remains, 39 -charophytes, 40 -miospores. Noinsky's cycles components: F -faunistic carbonate beds, E -evaporites, C -clays and marls.
between Pechishchi and Naberezhnye Morkvashi and Layers 8 to 31 at the bottoms and on the slopes of the Kamenny, Cheremushka and Truba ravines.
[13] Samples for isotope studies were collected from Layers 5, 8, 9, 13, 16, 18, 19, 20, 21, 22, 25, 26, 27, 28 and 30 of the Pechishchi section ( Figure 1 ). The Permian trend was identified and described using core samples of the Lower Kazanian (1 sample), Lower Permian (3 samples) and Upper Carboniferous (1 sample) from Well 1/97 near Naberezhnye Morkvashi representing the Lower Permian continuation of the Pechishchi section. These samples were complemented with one core sample from Well 3 drilled through the Artinskian occurring on the southeastern slope of the South Tatarstan Arch. The samples were collected from the most representative, macroscopically least altered carbonate intervals.
[14] Pechishchi is a unique section that was formed in the Kazanian palaeomarine basin with its axial zone stretching from the lower reaches of the Mezen river through the upper reaches of the Vychegda river, lower reaches of the Kama river and upper reaches of the Sheshma and Sok rivers southwards to Buzuluk. This zone includes the most complete and faunistically richest Kazanian marine sections [Kotlyar and Stepanov, 1984] . Shallow-water and coastal deposits containing gypsums and salts occur west and south of the basin's axis (Samarskaya Luka), and the marine, lagoonal and red terrigenous deposits are replaced by the Belebeevo continental formation east of it.
[15] The Pechishchi section clearly features three Noinsky's cycles [Noinsky, 1924] associated with the cycles of evaporite formation in the Kazanian palaeosea (Figure 1 ). Each Noinsky's cycle consists of three components. Lower component -carbonate (rich by marine faunas -on Figure 1 it is signed by letter "F"), middle component -evaporite (carbonates with hypsum and anhydrite -on Figure 1 it is signed by letter "E") and upper component -terrigenous rocks (clays and marls -on Figure 1 it is signed by letter "C"). These components reflect alternation of environments from normal marine ("F") through higher salinity (E) to lake and lagoon conditions ("C").
[16] These cycles are similar to the Zechstein marine cycles identified in Germany and England. In reduced mode, these are also similar to the Lofer cycles in which fauna-rich carbonate beds are replaced by dolomites of tidal and supratidal zones and by red or green clay rocks [Fischer, 1964] . Fischer relates changes in the basin depth to eustatic sea-level variations. This interpretation seems to be more credible than the concept suggesting a complex spectrum of local epeirogenic movements of the Earth's crust, although their effect on the sedimentation was not excluded by Fischer. Fischer's calculations suggested that eustatic variations of the sea level could be as high as 15 m and its periodicity could be characterised by a cycle duration varying from 20,000 to 100,000 years.
[17] The origin of the evaporitic component is related to the widely accepted concept that salt basins have to be partially isolated from the open sea by a sill or a bar, supposedly accounting for an increase in water salinity. Otherwise, concentrated brines would flow to the ocean with return currents. Some researchers assume that this isolation could be performed by a physical barrier: for instance, an organic reef, a sand bar or an uplift of sea bedrocks.
[18] The basin model [Scruton, 1953] suggests the existence of a dynamic barrier that appeared due to the friction between water masses of different densities, similarly to the pattern observed in the Mississippi river. Such a barrier becomes more effective as the channel, which connects the salt basin with the open sea, shrinks. The barrier should be in dynamic equilibrium affected by such factors as temperature, wind pressure and sea level, each in turn affecting water density in the region.
[19] Some researchers confront the bar hypothesis [Arkhangelskaya and Grigoriev, 1960] assuming that water entering a salt basin could already have increased salinity.
[20] Some others also believe that the origin of calcium sulphates and halite does not have to be accounted for by the bar hypothesis as large sand bars could impede water circulation in vast, partly isolated, shallow seas, resulting in the deposition of these evaporites [Sugden, 1963] . The above periodicity could, most probably, be controlled by relative changes in sea level and also by the climate. An increase in atmospheric temperature over the whole sedimentation basin enhanced the evaporation that in turn resulted in a higher compensation current from the open sea impeding further increase in salinity. As a result, the evaporitic layer could become thicker. An increase in climatic humidity probably stimulated the entry of fresh waters into the basin by currents from the land reducing the water salinity.
[21] As it appears from the above, strontium ratios from the Pechishchi section can help studying their relation to the open sea and the effect of evaporisation on the sedimentation, allowing at the same time to tie these data to the Phanerozoic strontium ratio curve and to estimate the age of the studied deposits.
Methods
[22] The Rb-Sr classification of carbonates has been studied using the bulk carbonate component after solving a weighed portion of the crushed sample in 10% acetic acid. Rb and Sr have been conventionally separated by the ionexchange technique using Dowex AG50Wx8 cation exchanger (200 to 400 bags) and 2.5N HCl as an eluent [Kuznetsov et al., 2003] [23] Carbonates generally have low Rb contents and high Sr contents but can accumulate, over geological spans of time, substantial amounts of radiogenic strontium distorting the determination of the primary isotopic composition. [Neumann and Huster, 1974] .
[25] With t taken as 300 million years, λt of the exponential factor is ca. 10 −3 and e λt can be expressed as the first two members of the series 1 + λt + (−λt) 2 /2! + . . . . Equation (1) 
[26] The primary Sr isotopic composition can also be distorted due to secondary alterations of carbonates. The degree of preservation/alteration of carbonates has been estimated using published criteria [Banner and Hanson, 1990; Brand and Veizer, 1981; Khabarov et al., 2000; Veizer, 1989] .
[27] The separation of samples with disturbed and undisturbed isotopic systems has been performed using the following Mn/Sr and Fe/Sr values: <5 and <20 for limestones and <10 and <60 for dolomites, correspondingly. A differentiated approach to determining the effect of postsedimentation alterations on primary 87 Sr/ 86 Sr ratios and carbon and oxygen isotopic compositions is used due to the fact that strontium more easily enters the crystalline lattice of calcite than that of dolomite and, for this reason, strontium concentrations in limestones can be almost ten times higher than in dolomites.
Results
[28] Figure 1 shows the distribution of strontium isotope ratios and Mn/Sr and Fe/Sr ratios for the most representative series of samples from the Upper Kazanian of the Pechishchi section. Table 1 gives average isotopic and geochemical characteristics of the Permian composite stratigraphic sequence.
[29] The general structure of these data satisfies the test criteria Mn/Sr<5 and Fe/Sr<20.
[30] Analysis of the ( 87 Sr/ 86 Sr)0 ratios determined for the section shows that the highest ratios, characteristic of the Asselian, average at 0.70832. In the Artinskian, the ( 87 Sr/ 86 Sr)0 ratios decrease to 0.70774. In the Kazanian, the strontium ratio is much lower: 0.70769 in the Early Kazanian (Table 1 ) and 0.70725 to 0.70766 in the Late Kazanian (Figure 1) . The Perekhodnaya member is characterised by a ratio of 0.70738 corresponding to the boundary between the Kazanian and Urzhumian dated as ca. 266.8 Ma [Gradstein et al., 2004] .
Discussion
Correlation of 87 [Gradstein et al., 2004; Veizer et al., 1999] . Samples: 1 -upper Carboniferous; 2 -Asselian; 3 -Sakmarian by local definition but Artinskian by global curve; 4 -Lower Kazanian by local definition but Artinskian by global curve; 5 -"Sloisty Kamen" (Upper Kazanian); 6 -"Perekhodnaya" (the end of Kazanian). 87 
Sr/
86 Sr curve allows the study of the position of samples relative to this curve. On the other side, the 87 Sr/ 86 Sr ratio can be used for correlating sections.
[32] Let us correlate the acquired 87 Sr average ratio of 0.70740. The position of this point on the curve cannot reflect real age corresponding to the end of the Kazanian, probably, due to the dominant effect of the considerable isolation of the local sedimentation basin from the ocean.
[33] The discrepancies observed at some points (Figure 2 ) can be explained by the following:
[34] 1. local features of the Permian deposition in the eastern part of the Russian Plate (the evaporitic trend and considerable isolation from the ocean), [35] The obtained isotope ratios cannot be reliably correlated with the global curve without determining the absolute age of rocks.
[37] Generally, the resulting 87 Sr/ 86 Sr isotopic ratios from the Permian of the Pechishchi section are well correlated with the global curve. It should also be emphasised that the global curve of 87 Sr/ 86 Sr variations may contain errors. Some ambiguities relating to the global character of this curve are as follows:
[38] 1. The Permian portion of the curve is controlled stratigraphically without absolute dating.
[39] 2. The character of the curve is in fact not absolutely global. It only contains samples from a number of outcrops, and their age was determined using local stratigraphic scales.
[40] However, general evolutionary features of the Permian palaeobasins are preserved over geological time. Figure 1 ) probably caused by the secondary redistribution of strontium and by possible changes in the 87 Sr/ 86 Sr isotope ratio.
[42] The Early Permian sea basins of the eastern portion of the Russian Plate are characterised by high 87 Sr/ 86 Sr ratios corresponding to the global 87 Sr/ 86 Sr ratios in the ocean at that time (Figure 2) .
[43] A decrease in the 87 Sr/ 86 Sr ratio, recorded for the Early Kazanian and early Late Kazanian, generally corresponds to the global curve (Figure 2 ) and indicates the connection between sedimentation basins and the sea, but local 87 Sr/ 86 Sr ratios are relatively high reflecting the role of continental water currents that carried heavy strontium. At later times, the salinity of the basin apparently increased, probably due to the aridisation of the climate. Salinisation of the Kazanian palaeobasins over time is indicated by a considerable increase in the content of dolomite (relative to the volume of carbonate rocks), from 40% in the Lower Kazanian to 85% in the Upper Kazanian, and by a two-fold increase in the content of sulphates in the Upper Kazanian relative to the Lower Kazanian [Sementovsky, 1973] . The generally low background 87 Sr/ 86 Sr ratios on the local and global curves indicate the gradual drying of continental currents under arid conditions on the vast Pangaea continent, although their local effect could periodically increase 87 Sr/ 86 Sr ratios as demonstrated by a local maximum of 0.70766 in Layer 27 (Figure 1 ).
Conclusions
[44] 1. The strontium isotope ratios recorded in the Pechishchi section clearly indicate the position of the studied Permian deposits on the global curve within the generally accepted time scale. The ambiguities existing at some points are associated with equivocal solutions to chronostratigraphic problems of the Permian system and with the local sedimentation features.
[45] 2. The zonation of 87 Sr/ 86 Sr isotope ratios corresponds to the stratification pattern. The Lower Permian is characterised by increased strontium ratios and the Kazanian by reduced ones.
[46] 3. The above variations of the isotope ratio are caused by the interaction between land and sea on the one side and between local basins and the ocean on the other.
[47] 4. The obtained isotope data permit the identification of at least three evolutionary types of sedimentation basins in the Volga-Kama region.
[48] Type 1: an Early Permian basin that was apparently a vast, shallow-water, carbonate platform under the active influence of the ocean and climatic changes, such as global glacial processes and local non-glacial evaporation. The 87 Sr/ 86 Sr ratios are well correlated with the corresponding strontium ratios on the global curve for the ocean and clearly indicate the marine genesis of these deposits.
[49] Type 2: an Early Kazanian basin with 87 Sr/ 86 Sr ratios generally corresponding to the globally reduced 87 Sr/ 86 Sr ratios in the oceanic water at that time. [50] Type 3: a Late Kazanian basin, in which the strontium isotope ratio is expectedly low but higher than on the global curve, which can be explained by the local features of the Upper Permian deposition in the eastern part of the Russian Plate (the evaporitic trend and considerable isolation from the ocean) and by the problems of chronostratigraphic positioning of the Phanerozoic 87 Sr/ 86 Sr curve and local 87 Sr/ 86 Sr curves for the Permian. [51] 5. Multiple determinations of strontium isotope ratios in the Permian carbonates and the absolute dating of key samples would allow the revision of the Permian stratigraphic record. Strontium isotope stratigraphy offers an upto-date and technologically advanced approach to the stratification and correlation of Permian sedimentary sections on both regional and global scales.
